The purpose of this study was to propose mathematical models for predicting mandibular growth direction and amount in children with anterior crossbite from 4 to 9 years of age using lateral cephalograms. Lateral cephalograms of 25 Japanese children with anterior crossbite at 4 years (T1) and 9 years (T2) were traced and measured. The measurements were performed on 18 angular and 13 linear measurements. Variation of the angle NSGn and the distance S-Gn were used to represent the variation of growth direction and amount, respectively. The data were analyzed statistically by multiple regression analysis. The analysis revealed 2 models for the prediction of the mandibular growth. The variation of the direction of mandibular growth can be predicted by 68% with the regression equation using the angles NSAr, Nasal floor to SN and SNA at T1. The variation of the amount of mandibular growth can be predicted by 69% with the regression equation using the distance Ar-Me, the angles Nasal floor to SN, NSBa and Interincisal angle at T1. The parameters for the mandibular growth prediction for crossbite children are different from those of children with normal occlusion. This study will be of great importance to predict future mandibular growth of children with anterior crossbite. dinally on the serial lateral cephalograms 1-3) . Many methods for mandibular growth prediction have been proposed for clinical use by using different cephalometric measurements [4] [5] [6] [7] [8] [9] .
Introduction
Craniofacial growth is a complex and multifactorial process. Knowledge of craniofacial growth pattern is greatly beneficial for dentists to help the child patients having a good occlusion and harmonized craniofacial complex in their future. For the occlusal guidance, it is important to predict the future growth of the mandible, the maxilla and the other craniofacial structures.
Since the mandible has shown different growth patterns during the course of growth, cephalometric prediction has been practiced to estimate the future growth changes of the mandible by studying the growth process of the craniofacial complex longitu-
Materials and Methods
The sample for this study consisted of 25 Japanese children with anterior crossbite. Lateral cephalograms for 8 males and 17 females, from the initial stage (T1: 4.37±0.63 years) to the last stage (T2: 7.65±1.61 years), was selected from the longitudinal records of the Department of Pediatric Dentistry, Tokyo Medical and Dental University. The collection of the samples began in 1960 and finished in 1980, and the semiannual records, about cephalograms, study models and intraoral photographs, for 130 children were collected until the age of 15 years 12, 13) . Before the records were collected, the samples and their parents were informed and consented about the purpose and method of collecting records. Thus, the maximum ethical consideration was done at that time. In this study, the selection of the samples was defined to the individuals with anterior crossbite occlusion at T1. The children had complete deciduous dentition with the mesial-step type primary second molar relationship. None of the children had received any type of orthodontic treatment until 9 years of age.
Lateral cephalograms of the subjects at T1 and T2 were traced and digitized. 21 cephalometric landmarks were located according to the traditional measurement method [1] [2] [3] 14) , as references to construct 18 angular and 13 linear measurements (Figs. 1 and 2). These measurements were chosen to describe the horizontal and vertical relationship of the maxilla, mandible and cranial base.
The annual growth changes of the angle NSGn and the distance S-Gn were calculated, by subtracting the values of T1 from the values of T2 and divided by the year in between 15) . The obtained data was analyzed statistically by using multiple regression analysis (SPSS version 10 for Windows, SPSS Inc., Chicago, USA).
In the multiple regression analysis, the values of the measurements at T1 were used as independent variables, and the annual growth changes of the angle NSGn and the distance S-Gn were used as dependent variables 13, 16) . The selections of the independent variables were performed according to the stepwise method. In the regression process, the correlation between the observed and predicted values of the dependent variables and the squared multiple correlation coefficients R 2 were computed. R 2 indicates the portion of the variability of the dependent variable, which could be explained by the independent variables.
The multiple regression equation for the prediction model is usually stated as Y=A+B 1 X 1 +B 2 X 2 + ...+B n X n , where Y is the predicted value, A denotes constant, and B 1 , B 2 , ...B n are the regression coefficients of the independent variables X 1 , X 2 , ...X n . The regression models were obtained for both the growth direction and the growth amount. The prediction equations of the best models were calculated. For evaluating the prediction equations, the residual analysis was performed. The residuals were the differences with the predicted value by the equation and the value that were measured for each case 17) .
For the evaluation of the measurement error, 24 films were selected randomly from the samples and measured by the author on two separate occasions within a 1-week interval. The differences between the measurements were evaluated by student t-test with the paired design. No significant differences were found between the measurements at the different occasions (t=0.017, P=0.986), and the standard deviations were less than 0.24° for the angles and 0.21 mm for the distances. 
Results
Angular and linear cephalometric measurements of all samples, male and female at T1 are shown in Table 1 . Table 2 shows the correlation between the measurements and the variations of mandibular growth. The angle NSAr at T1 has significant negative correlation with the variation of the angle NSGn. The distances S-Gn, Ar-Go, Ar-Me and Gn-Cd at T1 have significant positive correlation with the variation of the distance S-Gn, the angle Nasal floor to SN at T1 has significant negative correlation with the variation of the distance S-Gn. The regression analysis in the present study revealed the following best models (Tables 3 and 4 ). The equation for the mandibular growth direction is Y d =1.30610.056X 1 +0.121X 2 +0.064X 3 , where Y d is the predicted value of the variation of the angle NSGn, X 1 is the value of the angle NSAr at T1, X 2 is the value of the angle Nasal floor to SN at T1, and X 3 is the value of the angle SNA at T1. The combination of the angles NSAr, Nasal floor to SN and SNA at T1 can explain the variability of Y d by 68% (R 2 =0.683, P<0.001).
The equation for the mandibular growth amount is Y a =110.694+0.056X 4 10.172X 5 +0.057X 6 + 0.02X 7 , where Y a is the predicted value of the variation of the distance S-Gn, X 4 is the value of the distance Ar-Me at T1, X 5 is the value of the angle Nasal floor to SN at T1, X 6 is the value of the angle NSBa at T1, and X 7 is the value of the Interincisal angle at T1 (R 2 =0.691, P<0.001). The residuals for each case are presented as illustrations ( Figs. 3  and 4 ).
Discussion
In the present study, the craniofacial structures of children from both genders were studied longitudinally for 5 years. Sakamoto 18) reported that the sexual Ar-Me (X 4 ) 0.056 B 5 Nasal floor to SN (X 5 ) 10.172 B 6 NSBa (X 6 ) 0.057 B 7 Interincisal angle (X 7 ) 0.020
dimorphisms regarding the craniofacial dimensions of Japanese children were not found until the 10 years of age. There were no significant differences between any value of the measurements at T1 of males and females in the present study (Table 1) . On the basis of this result, male and female samples were considered in one group.
Regarding the representation of growth direction and growth amount of the mandible, previous researchers have been utilizing the angle NSGn for the growth direction and the distance S-Gn for the growth amount of the mandible 7, 13, 15) . It is understood that these two variables are considered appropriate to illustrate the growth changes of craniofacial structures in relation to the cranium. According to these past studies, the two variables, the angle NSGn and the distance S-Gn were used in the present study.
The regression analysis was employed to find prediction models that could be used to forecast the individual future growth changes of the mandible for children with anterior crossbite. The variability of the dependent or predicted variables that could be explained by the regression model is characterized by R 2 . The value of R 2 is considered high for biological data when it ranges from 31% to 67% 16) . In the present study, R 2 of the model of the mandibular growth direction and amount were 0.683 and 0.691, respectively (Tables 3 and 4 ). According to these results, it is suggested that the prediction models are much effectively applied in the present study.
As a result of the regression analysis for the growth direction, the most informative parameter is the angle NSAr (X 1 in the equation), which showed the highest correlation with the dependent variable. In the sample with larger NSAr angle, mandibular fossa is located posteriorly in relation to the cranial base. The space for the mandible to grow posteriorly is limited in those cases and the mandible tends to grow forward in turn, resulting the angle NSGn being smaller. Bukhary 19) reported likewise that the mandible tends to grow clockwise in the cases with the larger angle of S-Ar-Go with the anterior position of the mandibular fossa to the cranium. Nagahara et al. 10) found that the children with anterior crossbite, which was self-corrected during the transitional dentition, had the anterior position of the ramus, and the most retrusive mandibular position was a positive overjet or edge-to-edge dental relationship in all children. Therefore in the children with the larger NSAr angle, the NSGn angle tends to become smaller resulting the forward growth of the mandible.
The angle Nasal floor to SN is selected as the second variable (X 2 ) for the growth direction. In the sample with the larger angle of Nasal floor to SN, the mandible also tends to grow clockwise, resulting the angle NSGn being larger. Schuster et al. 20) found that the children who had class III relationship and needed future orthognathic surgery, showed a less steep inclination of the palatal plane relative to the anterior cranial base, resulting the mandible tend to grow forward.
The angle SNA is selected as the third variable (X 3 ) for the growth direction. In the sample with larger SNA angle, the maxilla is located forward and the angle NSGn tends to be larger. Tsai 21) reported that the smaller SNA angle was found in the anterior crossbite children. On the other hand, Yoshida et al. 22) reported post-treatment outcome after the treatment for anterior crossbite with a maxillary protraction appliance and chincap, and found that the successful group showed the smaller SNA angle than the unsuccessful group. However the children of their study were 10.2 years old in average and the SNA angle increased in the successful group and decreased in the unsuccessful group after the treatment. Miyahara 23) compared two groups of children with anterior crossbite in the deciduous dentition. According to his research, one group stayed with the anterior crossbite of the permanent incisors after the shedding of deciduous incisors and the other group had natural correction of anterior crossbite in the anterior region. He found the smaller SNA at the deciduous dentition in the children with natural correction of anterior crossbite. In the present study, though the angle SNA at T1 has no significant correlation with the variation of the angle NSGn, the angle NSGn tends to be larger when the sample has larger SNA angle. According to these results, the large SNA angle may not be advantage for self-correction of anterior crossbite.
Regarding the growth amount, the distance Ar-Me is the first independent variable (X 4 ) selected as a most informative variable. In the sample with larger Ar-Me distance, the growth of the future mandible will be remarkable, and then the variation of the distance S-Gn will be larger. Deguchi et al. 24) reported that the larger Ar-Me length meant the greater gonial angle, resulting in a greater tendency for a Class III openbite profile. The steeper mandibular plane is resulting the increased effective mandibular length 25) .
The second variable (X 5 ) is the angle Nasal floor to SN for growth amount. In the sample with the smaller Nasal floor to SN, the mandible tends to grow forward. The children who have class III malocclusion and gentle inclination of the palatal plane might need orthognathic surgery in future 20) .
The third variable (X 6 ) is the angle NSBa and the fourth variable (X 7 ) is the Interincisal angle for growth amount. The distance Ar-Me and the angle Nasal floor to SN had significant correlation with the variation of the distance S-Gn, but the angle NSBa and the Interincisal angle indicate no significant correlation with the variation of the distance S-Gn (Table 2 ). About the angle NSBa, Trenouth et al. 26) reported a longer mandible will be required to maintain a normal relationship with the maxilla, when the cranial base angle (NSBa) opened up in children with normal occlusion. In other words, the mandible tends to grow longer when the angle NSBa is larger. Therefore the variation of the S-Gn distance tends to be larger in the sample with the larger angle NSBa.
In the sample with the larger axial inclination of the primary incisors, there must be a greater discrepancy between the maxilla and the mandible, and the variation of the S-Gn distance tends to be larger. The lower incisor inclination was more strongly related to the sagittal jaw relationship than the upper incisors and considered as one of the decisive factors for the future orthognathic surgery 20) .
It would be interesting to compare the results of the present study to those of mandibular growth prediction models for children with normal occlusion by Oueis et al. 13) According to their research, the parameters for the prediction of mandibular growth direction for children with normal occlusion were NSGn and SNB at 4 years of age, where as S-Gn and NSAr for the growth amount. On the other hand, it was revealed in the present study, that NSAr, Nasal floor to SN and SNA were drawn significantly for the prediction of growth direction, where as Ar-Me, Nasal floor to SN, NSBa and Interincisal angle for the growth amount. The parameters for the prediction in children with normal and crossbite cases are completely different. Because it is thought that functional factors as well as skeletal factors affect occlusion in children with crossbite, this may imply that the factors relating the mandibular growth of the children with crossbite are different from those with normal occlusion. Balbach 15) reported that there were significant correlation between the mandibular morphology at 7 years of age and the type of occlusion at 11 years of age. Further study will be needed to better-understand the factors relating the mandibular growth of children with anterior crossbite.
It is considered that the prediction of growth amount is more difficult than that of growth direction. In this research, the model for the growth amount needed more parameters than that of the growth direction in approximately equal variability, the variability for predicting the growth amount became higher by adding the fourth parameter. Oueis et al. 13) found that the variability of the prediction for mandibular growth direction (72%) was higher than that of amount (61%). Ricketts 2) used the length S-Gn to measure the growth amount of the mandible, and he reported that the amount of the growth is difficult to determine and knowledge of the average growth amount would be the starting point for estimating in any case.
To evaluate the fit of the regression equations of the present study, the analysis of the residuals was performed. Figures 3 and 4 show the differences between the actual values and the predicted values for each case individually for both the variation of the growth direction and that of the growth amount. For 23 cases, the predicted values of the variation of the angle NSGn are ranged within one standard deviation (0.38°) from the actual values. For the growth amount is shown in Fig. 4 , the residual values of the variation of the distance S-Gn for 22 cases are within one standard deviation (0.55 mm). According to these results, it is suggested that the models are suitable for predicting the mandibular growth in children with anterior crossbite.
